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In this paper, we present a detailed and rigorous study of cylindrical harmonic Fresnel lenses (HFLs) using finite 
difference time domain method (FDTD) and angular spectrum method (ASM). The HFL is a kind of diffractive lens 
that can have maximum diffraction efficiency at several discrete harmonic wavelengths, which is suitable for some 
broadband applications. Previous studies on HFLs were investigated mainly in the domain of paraxial 
approximation. By using our proposed calculation method, we have determined the efficiency, focal length, 
maximum focus intensity and full width at half maximum (FWHM) of the focal spot for several harmonic numbers 
and for F-numbers of 0.5, 1 and 3. To compare with the paraxial approximation, we have presented the response to 
both s-polarized and p-polarized light with constant refractive index and real dispersive material BK7. Moreover, 
we have also analyzed the cases with oblique illumination. We have shown that the harmonic wavelengths do not 
change with F/# and that the diffraction efficiency and FWHM of the focus increase as F/# increases. New results on 
harmonic wavelengths shift and oblique angle of incidence response have been detailed. © 2018 Optical Society of 
America 
OCIS codes: (050.1965) Diffractive lenses; ( 050.1755) Computational electromagnetic methods; 
http://dx.doi.org/10.1364/AO.99.099999 
1. INTRODUCTION 
The diffractive Fresnel lens (DFL), also called kinoform, was firstly 
invented by a research group of IBM [1, 2]. Since then, tremendous 
interests have been aroused due to its compactness. However, the 
dispersion of a DFL is large compared to optical glass (Abbe number of 
-3.5), excluding direct broadband application. As its dispersion sign is 
opposite to the normal optical glass, hybrid diffractive-refractive 
achromatic lenses have been studied and used [3]. The optical power 
of the diffractive element is chosen much lower than the refractive one. 
These kinds of structures can reduce the dimension and weight of 
optical systems. In order to achromatize by only using diffractive 
optical elements (DOEs), two main paths have been proposed: stacks 
of DOEs with different Abbe numbers and harmonic lenses. However, 
the stack of DOEs can only increase the broadband efficiency. The Abbe 
number is still around -3.5 [4-8]. A harmonic Fresnel lens (HFL) or 
multi-order diffractive lens can keep high diffraction efficiency and 
constant focal length at several discrete wavelengths [9, 10]. Recently, 
metasurfaces have been proposed to function as flat lenses, which 
paves a new way for optical components [11-15]. However, the mass 
manufacturing for this kind of nanostructure is still challenging. 
With broadband properties, HFLs can be applied in many situations, 
such as intraocular lenses [16], contact lenses and optical detection in 
microflow cytometry [17]. The previous works focused on HFLs have 
been carried out with scalar approach [9, 10, 18]. The results become 
inaccurate when F/# is smaller than 1 [19]. Based on the boundary 
element method (BEM) or the improved first Rayleigh-Sommerfeld 
method (IRSM), metallic cylindrical micro mirrors or cylindrical 
Fresnel lenses have been deeply studied [19-26]. However, to our 
knowledge, rigorous studies of harmonic Fresnel lenses (HFLs) has not 
been performed for the moment. Compared to ordinary Fresnel lenses, 
the broadband property of HFL is more effective.  
The finite difference time domain (FDTD) is very suitable to 
calculate the broadband properties as only one simulation that covers 
the selected spectrum is needed. To reduce the computational time, the 
height of the FDTD region is limited to nearly the same height as the 
HFLs. For the field outside the HFLs, as the medium is homogeneous, 
we can use the angular spectrum method (ASM) to calculate the field 
[27-30]. In this paper, we apply FDTD plus ASM to calculate the 
rigorous properties of HFLs. To reduce the calculation burden, we 
consider two-dimensional cases which correspond to cylindrical 
lenses. Different F/# are considered under p and s polarized 
illuminations. Results with on-axis and off-axis illuminations are also 
presented. 
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